Presentamos fotometría en el medio y lejano infrarrojo de 857 nebulosas planetarias (NPs) galácticas utilizando datos provenientes del AKARI All-Sky Survey. Se incluyen flujos a 9 y 18 µm obtenidos con la Infrared Camera (IRC), y a 65, 90, 140 y 160 µm producto de la far-Infrared Surveyor (FIS). Se nota que la luminosidad IR de las NPs más jóvenes es comparable a la luminosidad total la estrella central y que posteriormente decrece hasta ∼5×10 2 L ⊙ cuando D > 0.08 pc, lo cual es congruente con la evolución de la opacidad del polvo de las NPs y la apreciable absorción en las NPs jóvenes y en las proto NPs. Además notamos que hay poca evidencia de la evolución en los cocientes de los flujos IR/radio sugerida por autores previos. También hacemos notar que la disminución de la temperatura del polvo al aumentar el diámetro nebular es similar a la obtenida en estudios previos, mientras que los niveles de calentamiento por fotones de Lyα son <0.5 de la energía disponible para los granos. Parece haber una evolución del exceso infrarrojo (IRE) con la expansión de las nebulosas, el cual adquiere sus valores máximos cuando las NPs son más compactas.
1. INTRODUCTION Several large-scale surveys at infrared wavelengths have been undertaken in the last thirty or so years, permitting a clearer understanding of the properties of dust in planetary nebulae (PNe). Thus for instance, Pottasch et al. (1984) investigated the thermal and physical characteristics of grains using photometry taken with the Infrared Astronomical Satellite (IRAS; Neugebauer et al. 1984) . They found that dust temperatures decline with increasing nebular radius R, and that dust/gas mass ratios decrease with expansion of the shells. A further analysis by Lenzuni, Natta, & Panagia (1989) found that grain radii also decreased with radius, PHILLIPS & MÁRQUEZ-LUGO whilst the volume density of particles increased as ∝ R 4.19 ; tendencies which were attributed to graingrain collisions, sputtering by stellar winds, or the selective destruction of larger grains. A further analysis by Stasinska & Szczerba (1999) , however, found no change in either of the latter two parameters.
A subsequent survey of PNe has been undertaken in the near infrared (NIR) using the 2MASS allsky survey (Ramos-Larios & Phillips 2005) , whilst a more restrictive survey, taken with the Spitzer Space Telescope (Spitzer; Werner et al. 2004) , has enabled mid-infrared (MIR) observations of PNe close to the Galactic plane (see e.g., Cohen et al. 2005; Phillips & Ramos-Larios 2008; Ramos-Larios & Phillips 2008; Zhang & Kwok 2009; Phillips & Márquez-Lugo 2011) . These latter results have shown the importance of polycyclic aromatic hydrocarbons (PAHs) in enhancing MIR emission at 5.8 and 8.0 µm, and revealed the presence of extensive emission outside of the ionized regimes, likely arising from photodissociation regimes (PDRs) .
A more recent AKARI infrared survey has now completed the major phase of its observational program, and the point source catalogue (PSC) was made available in March 2010. This represents an updated version of the IRAS project, containing as it does more photometric channels, higher levels of spatial resolution, and higher sensitivity detectors. We present photometry for 857 Galactic PNe taken with the infrared camera (IRC) and far-infrared surveyor (FIS), and use this to analyse the evolution in grain temperatures and FIR luminosities.
OBSERVATIONS
The AKARI space mission (Murakami et al. 2007 ) was launched in 2006, and contains the IRC (Onaka et al. 2007) for observations in the range 2-26 µm, and the FIS (Kawada et al. 2007 ) for the 50-200 µm regime. The Ritchey-Chretien type telescope has a 0.685 m primary mirror, cooled to 6 K by liquid helium and mechanical coolers. One of the primary objectives of this mission was an all sky IRC/FIS survey, undertaken between 2006 May and 2007 August. The resulting PSCs [Kataza et al. 2010 (IRC) ; Yamamura et al. 2010 (FIS) ] were published in 2010 March.
The IRC filter profiles extend between 6.76 and 11.6 µm (in the case of MIR-S), with an effective wavelength of 9 µm, and between 13.9 and 25.6 µm (MIR-L) with an effective wavelength of 18 µm. The camera field of view (FOV) was 10 × 9.6 arcmin 2 for MIR-S, and 10.7 × 10.2 arcmin 2 for MIR-L, whilst the pixel scales were 2.34×2.34 arcsec 2 (MIR-S) and 2.31 × 2.39 arcsec 2 (MIR-L). Each of four adjacent pixels were subsequently binned to create so-called "virtual" pixels, with areas 4 × 4 times greater than those of the original pixels. However, subsequent processing of two independent survey grids resulted in an improvement in spatial resolution, and point spread functions (PSFs) with FWHM ∼5.5 arcsec at 9 µm, and 5.7 arcsec for the 18 µm channel.
The FIS survey, by contrast, permitted observations at effective wavelengths of 65 µm (filter N60, bandwidth ∆λ = 21.7 µm), 90 µm (Wide-S, ∆λ = 37.9 µm), 140 µm (Wide-L, ∆λ = 52.4 µm) and 160 µm (∆λ = 34.1 µm). The 65 and 90 µm results were taken with a monolithic Ge:Ga detector having a pixel size 26.8 arcsec, whilst the longer wave (140 and 160 µm) data were acquired using a stressed Ge:Ga detector, and pixel scale of 44.2 arcsec. The FOVs were in all cases ∼1 arcmin, whilst the FWHM of the PSFs were 37 arcsec (at 65 µm), 39 arcsec (90 µm), 58 arcsec (140 µm) and 61 arcsec (160 µm). Detector sensitivities are important in determining the rates of source detection, and quoted values range between 0.55 Jy at 90 µm to as high as 25 Jy for the 160 µm results. This question is further examined in § 3.4, where we consider its importance in determining nebular emission trends.
Details of the source selection procedure are provided in the following sections, together with a description of the catalogue results, the infrared dimensions of the PNe, and a comparison of the AKARI and IRAS photometry.
Planetary Nebula Data Base and Search Radius
The positions of the PNe investigated in this present study are taken from the listing of coordinates by Kerber et al. (2003) . This provides positions for 1086 sources based on the 2 nd generation General Star Catalogue. The coordinates for sources which are compact (or have central stars) are quoted as being accurate to 0.35 arcsec, whilst the positions for 226 more extended PNe are accurate to ∼5 arcsec.
By contrast, the AKARI/IRC All-Sky Survey Release Point Source Catalogue -Release Note (Rev. 1) (Kataza et al. 2010) suggests that the mean angular separation of the AKARI and 2MASS sources is of order ∼ =0.77 arcsec, with 95% of the sources having angular separations of <2 arcsec. Similarly, the positional errors of the longer wave FIS sources (Yamamura et al. 2010 ) are determined through a comparison with the SIMBAD database, yielding flux independent uncertainties of order ∼6 arcsec. Note how the numbers of IRC detections achieve a maximum within ∼2 arcsec of the nominal PNe positions, whilst the number of FIS detections increases more slowly, and peaks at radii close to 15-20 arcsec. This difference in detection rates reflects the difference in the positional accuracies of the surveys. Finally, the flattening of detection rates towards larger search radii confirms the low levels of contamination by background sources.
Given that the PNe data base is identical for the FIS and IRC searches, it follows that search radii need to be larger for FIS than for the IRC results.
That this is the case is apparent from Figure 1 , where it is seen that the rates of source detection increase with increasing search radius, eventually reaching plateau values of 696 sources for the IRC detections, and 678 sources for the FIS results. It is also apparent that whilst most of the PNe are detected within radii θ S ∼ 3 arcsec for the IRC results, a radius of order θ S ∼ 14 arcsec is required for comparable rates of FIS detection. We have adopted a search radius θ S = 6 arcsec for the IRC results, and θ S = 10 arcsec for the FIS photometry.
There are two reasons to suspect that background contamination is extremely modest. It is apparent, for instance, that rates of source detection are flat as θ S increases from ∼15 arcsec to 30 arcsec, implying that any field source contamination is likely to be < 2%. We also note that the AKARI FIS catalogue includes a parameter NDENS, corresponding to the number of sources within 5 arcmin of the central (PNe) positions. This takes a mean value of ∼2.2 for 415 estimates of the parameter in the most sensitive (90 µm) channel, suggesting again that background contamination is extremely low. A similar conclusion applies for the NDENS parameters at 9 and 18 µm, corresponding to the numbers of sources within 45 arcsec of the search positions. We determine mean values NDENS09 = 0.068 (for 396 estimates of the parameter), and NDENS18 = 0.020 (for 612 estimates of NDENS), implying that very few of our identifications are likely to be spurious.
Catalogue Results for Galactic PNe
Photometric results for 857 PNe detected in the IRC catalogue are presented in Table 1 , where all of the fluxes have FQUAL values of 3 (i.e. all of the data are classified as being valid). An analysis by the AKARI team of trends in photometric errors shows that the most probable uncertainties are of the order of ∼2-3%, with 80% of the data having errors of < 15%. It is found that the signal to noise ratio (S/N) for the 9 µm data is of order ∼19 for sources having F (9 µm) >0.5 Jy, and falls as approximately S/N ∼32 F ν (9 µm) + 4 for smaller flux levels. Similarly, it is found that the S/N for 18 µm results is ∼15 where F (18 µm) > 0.8 Jy, and decreases as ∼17 F ν (18 µm) + 3 below this limit.
We have, apart from this, specified the numbers of the PNe in the Kerber et al. (2003) list of coordinates (Column 1); the commonly accepted names of the sources (Column 2); and the right ascensions and declinations of the nebulae (Columns 3 and 4). The angular diameter θ is based upon radio and optical results, where we have taken values from Acker et al. (1992) , Zhang (1995) , Cahn & Kaler (1971) , Tylenda et al. (2003) , Perek & Kohoutek (1967) , and Siodmiak & Tylenda (2001) . Where maximal and minimal diameters θ MAX and θ MIN are quoted, then we have employed harmonic mean values θ = (θ MAX θ MIN ) 0.5 . Similarly, the AKARI mean radii at 18 µm (denoted in the catalogue by MEAN AB18) are provided in Column 8, and labeled MN 18. The 1.4 GHz results (Column 9) are taken from the uniform data base of Condon et al. (1998) , whilst the 5 GHz measures (Column 10) derive from the compilations of Acker et al. (1992) , Zhang (1995) and Siodmiak & Tylenda (2001) . Finally, the distances of PNe remain notoriously uncertain, and the numbers of more reliable distances (i.e. those based on trigonometric, reddening, gravitational and kinematic measures, among others) are still pitifully small. We have therefore quoted distances based on larger-scale statistical measures, whilst recognizing that these are prone to systematic and random errors. Typical uncertainties in distance are probably of the order ≈30%. We have used values quoted by Phillips (2004) and Zhang (1995) in that order of priority, and these are listed in Column 11 of Table 1 . These estimates are also combined with the angular diameters in Column 7 to determine the physical diameters in Column 12. The longer wave FIS identifications are listed in Table 2 , where apart from the Kerber et al. (2003) number, and PNe names and coordinates (Columns 1-4), we include photometry at 65, 90, 140 and 160 µm (Columns 5-8). The data have been assigned four levels of quality FQUAL, where FQUAL = 0 corresponds to "non-detections"; FQUAL = 1 implies that the source was not confirmed; FQUAL = 2 is for sources which are confirmed, but for which fluxes are unreliable; and FQUAL = 3 is for high quality fluxes, where the source is confirmed and the flux is reliable. We list sources for which at least one of the four channels has a FQUAL value of 3, and for these cases, include all of the fluxes corresponding to FQUAL = 1-3. As an example, the detection at 90 µm may have been assigned a FQUAL value of 3, but FQUAL factors for the other three channels (65, 140 and 160 µm) may be as low as 1. However, although this photometric listing is relatively complete, and provides more and less reliable results, we have used only FQUAL = 3 fluxes for the analysis below. The FQUAL values for the 65, 90, 140 and 160 µm channels are consecutively indicated in Column 9, whilst the remaining columns define the radio fluxes, distances and diameters described above.
The noise in these results again derives from absolute uncertainties in the fluxes, and relative errors deriving from a variety of instrumental causes, in- Fig. 2 . Comparison between source diameters determined from radio and optical observations, and those determined through AKARI 18 µm observations (upper panel). We also indicate the diameter at which AKARI flags the sources as being extended ("Extended 18 µm Flag Limit"); the size of the virtual pixel scale; and the FWHM of the PSF (identified as the "Processed FWHM"). Although mean AKARI diameters are comparable to those for the optical/radio regime, it is clear that the range in θ is significantly smaller. This is illustrated in the lower panel, where we show distributions for the optical/radio and AKARI results.
cluding glitches, noise, residuals in the responsivity corrections and other anomalies. For the brighter AKARI sources, the absolute uncertainties are of order ∼15%, whilst relative errors are ∼10%, leading to total errors of ∼20% in all of the longer wave bands.
Of the sources listed in Tables 1 and 2 , 415 PNe are common to both of the listings. Similarly, a total number of 857 PNe has been measured in this survey, corresponding to 79% of the sources listed in Kerber et al. (2003) .
Source Sizes in the AKARI Catalog
We have noted, in § 2, that although virtual pixel sizes for the IRC results are of the order of 9-10 arcsec, the FWHM of the PSFs are ∼5.5-5.7 arcsec. Given that many PNe have dimensions exceeding these limits, it follows that AKARI should permit us to determine the angular dimensions for many of the detected PNe.
The AKARI IRC catalogue includes the flags EXTENDED09 and EXTENDED18, which are triggered when sources have radii >15.6 arcsec. None of the PNe in the present sample are flagged as being extended, even though a reasonable proportion (of order 13%) have radio/optical radii which are greater than these limits. The AKARI catalogue also provides mean radii of the sources at 9 and 18 µm, indicated by the parameters MEAN AB09 and MEAN AB18, although here again, the values appear quite different from those in previous studies. This disparity is most clearly to be seen in Figure 2 , where we plot the AKARI parameter 2×MEAN AB18 against the radio/optical diameters from Table 1 . It is clear that there is little correlation between the two sets of parameters.
To understand what is happening more clearly, we first concentrate on the distribution of results with respect to the horizontal axis. It is apparent PHILLIPS & MÁRQUEZ-LUGO that most of the sources have values 2×MEAN AB18 which fall within a narrow range of radii 0.625 < log(θ/arcsec) < 1.125. The large majority of these are larger than the FWHM of the PSF. Where we now view the distribution of sources with respect to the vertical axis -that is, with respect to values of diameter taken from radio and optical observationsit becomes apparent that half of sources are smaller than the PSF, and that the distribution is very much broader than that of the AKARI results. This latter trend is also apparent in the lower panel of Figure 2 , where we show normalized histograms of the AKARI and radio/optical results. Whilst the AKARI dimensions are sharply peaked close to θ = 7.5 arcsec, the radio/optical data extend over a regime which is ∼60 times larger.
It is therefore clear that whilst the mean infrared sizes of the sources are similar to those in other wavelength regimes -the AKARI dimensions are ∼0.86 times as large as those determined through optical and radio observations-the level of agreement for individual sources is much less impressive. It is found that the infrared dimensions are mostly very much larger, or significantly less.
It is no surprise that there is a paucity of AKARI sources with dimensions less than the PSF -sources which are smaller than this limit would be unresolved. What is more surprising is that so many optically compact sources have substantially larger IR diameters, and that these are close to the size of the 18 µm PSF. One explanation for this may be that many smaller radio/optical sources correspond to younger PNe, in which the neutral envelopes are larger than the ionized regimes. Where a large fraction of the IR emission derives from these HI shells, then the dimensions of the sources will be correspondingly enhanced. On the other hand, it is possible that sources which are compact are prone to larger errors in their derived diameters, and that many of the MIR dimensions are significantly too large.
Similarly, it is possible that [OIV] λ25.87 µm and [NeV] λ24.316 µm are dominant in evolved PNe, leading to centralized emission, and smaller mean dimensions. A similar trend has been noted in MIPS-GAL 24 µm mapping of PNe (Phillips & Márquez-Lugo 2011; Chu et al. 2009; Ueta 2006; Su et al. 2004 Su et al. , 2007 , and this may explain the paucity of sources having larger angular diameters. Here again however, it is possible that weaker, more extended emission falls below the AKARI detection limits, and that this causes a significant reduction in the sizes of the PNe.
It is therefore clear that instrumental errors, and variations in the structures of the PNe are capable of explaining the disparities illustrated in Figure 2 . Further analysis is required before these differences can be understood. Given the uncertainties in the veracity of the AKARI results, however, we shall be using radio/optical estimates of diameter in our investigation of evolutionary trends.
Comparison of the AKARI and IRAS Photometric results
We have finally undertaken a comparison between the AKARI photometry and corresponding IRAS results. The flux comparisons are provided in Figure 3 , where all of the results have quality factors of 3. For this case, the IRAS PSC was interrogated using a search radius of 18 arcsec, comparable to the positional uncertainty for sources in this catalogue. This resulted in the detection of 573 nebulae with flux quality FQUAL = 3 in at least one of the photometric channels.
The IRAS photometry was undertaken at 12, 25, 60 and 100 µm; wavelengths which are slightly different from those quoted for the present results. It is not therefore possible to undertake a direct oneto-one comparison with the AKARI fluxes, although we are able to compare the closely adjacent channels at 9 and 12 µm, 18 and 25 µm, 65 and 60 µm, and 90 and 100 µm (Figure 3) .
It is clear that whilst the fluxes are similar at 90 and 100 µm, the other comparisons show systematic differences in emission. For the most part, the IRAS fluxes are larger than those determined by the AKARI all-sky survey.
One possible explanation for these trends is that there is a calibration problem with the AKARI data, although this seems extremely improbable, and can almost certainly be discounted. The AKARI team has used a broad range of standard stars for the IRC calibration, for instance, including sources in the ecliptic polar regions and Large Magellanic Cloud. They have also used sources employed in calibrating the Infrared Space Observatory (ISO). There is a non-linear relation between input source fluxes and the AKARI signal; a function which is fitted using a second degree polynomial fit. When this correction is employed, it is clear that residual errors are small; there is certainly little evidence for the biases which are detected in the present work. Similar calibrations are used for the FIS results, where the AKARI team has used stellar, asteroidal, and planetary flux calibrators. Again, non-linear relations are detected between the source fluxes and measured signals, and Fig. 3 . Comparison of IRAS and AKARI photometric results, whence it is seen that there is a linear relation in all of the panels. However, there is also evidence for a systematic disparity between the trends. This may be partially attributable to differences in the wavelengths of observation, and the spectral gradients of the nebular SEDs.
these trends are subsequently corrected using logarithmic expressions.
We therefore believe that most of the difference can be attributed to the differing mean wavelengths of observation. Thus, where grain temperatures are of the order 110 K, and the grain emissivity function varies as ǫ ∝ λ −γ , γ ∼ =1, then one obtains flux differences similar to those noted in the 18 µm/24 µm panel. A somewhat higher temperature (∼190 K) is required for the 12 µm/9 µm results; a value which is rather larger than is normally attributed to PNe dust continua. It is possible that these latter results are dominated by warmer components of emission, however, such as has been described in the analyses of 2MASS results (e.g., Phillips & Ramos-Larios 2005 . It is also worth noting that emission at these shorter wavelengths occurs at the Wien limits of the dust continua, where flux levels tend to be lower. As a consequence, emission from lines and bands has a greater impact upon the results (see § 3.1 for a fuller description of these components), and may contribute to the discrepancies noted above.
Although this interpretation of the trends is plausible, and undoubtedly accounts for much of the disparity in the results, we note that flux differences are larger for fainter sources, and almost disappear where sources are brighter. One likely explanation for this trend arises from the fact that sources having larger apparent fluxes also have lower intrinsic radii. We determine that F ν (18 µm) = 0.20(D/pc) −1.17 , with a correlation coefficient r ∼ = 0.51. Given that sources with smaller diameters also tend to have higher grain temperatures ( § 3.2), this would imply that nebulae having higher fluxes F ν (18 µm) also have higher temperature continua. This, where it is the case, would lead to a narrowing of the flux differences.
EVOLUTIONARY TRENDS IN THE AKARI
PHOTOMETRY Previous analyses of IRAS photometry have suggested that the properties of nebular dust evolve with time. It has been suggested for instance that grain temperatures and dust/gas mass ratios both decrease as nebular radii increase. Similarly, it has been proposed that the masses and sizes of the grains decrease with radius (Pottasch et al. 1984; Lenzuni et al. 1989 ), although such an evolution has been discounted in the study of Stasinska & Szczerba (1999) .
Such broad evolutionary trends are also apparent in the present AKARI spectral energy distributions (SEDs), examples of which are illustrated in Figure 4 . In this case, the sources are ordered according to the channel of peak flux, and all of the fluxes have an FQUAL parameter of 3. Sources peaking The sources in the top-most panel peak at 18 µm, whilst those in the middle and lower panels peak at 65 and 90 µm. There is therefore a cooling of the continua as one passes from the upper to the lower PNe. We have also included histograms and mean values of the nebular diameters D; where estimates for this parameter are taken from optical/radio observations. It is apparent that diameters are smaller for the upper SEDs, and shift to higher values for the lower SEDs. This trend is consistent with previous observations, and our later investigation of grain temperatures TGR. The color figure can be viewed online.
at 18 µm are shown in the upper panel, whilst those peaking at 65 and 90 µm are illustrated in the middle and lower graphs. We have also inserted histograms showing the distributions of sources with respect to intrinsic diameter, where the latter refers to the size of the ionized (radio/optical) emission envelope. It is clear that as the continua become cooler (i.e. the wavelength of peak FIR flux increases), so the sizes of the nebulae increase; precisely the trend which has been deduced from previous analyses of IRAS photometry. We shall consider this and further evolutionary trends in the following sections.
3.1. Line and Band Contributions to the Nebular Fluxes FIR spectroscopy of PNe shows that most has continua dominated by emission from nebular grains, with temperatures T GR of order ∼50-150 K. There is little doubt that these contribute the larger part of the emission in the present PNe, and we shall be assuming that this is the case for much of the analysis below. There are however several other bands and lines which are capable of affecting the results, and their contributions may be quite considerable. Thus for instance, the 9 µm IRC filter covers the regime of the PAH emission bands, and these are likely to contribute appreciable fluxes where C/O > 1. Evidence for these bands has been noted from ISO and Spitzer spectroscopy (e.g., Ramos-Larios, Phillips, & Cuesta 2011; Ramos-Larios et al. 2011, in preparation; Cohen & Barlow 2005) , and there is evidence that much of the emission arises from PDRs.
The 18 tailed analysis of sources in which the continuum is clearly visible, and the S/N is reasonably high, suggests that [OIV] λ25.87 makes the largest average contribution to the 18 µm band (∼20% of the dust continuum flux), whilst total line enhancement is of the order ∼40%. The line contributions to the other channels are less substantial, varying from ∼13% (at 65 µm), to ∼7% (90 µm), ∼0.4% (140 µm) and 4% (160 µm, where [CII] is strongest). Given the nature of the colour-colour mapping to be discussed in § 3.2, it is relevant to note that mean 18 µm/65 µm flux ratios would be increased by ∼22% (i.e. points would be shifted by ∼0.09 dex), whilst corrections to the other ratios are significantly less. Finally, of the 32 PNe investigated in this present analysis, nine appear to have strong 30 µm features. These mostly fall between the IRC 18µm filter on the one hand, and the FIS 65 and 90 µm filters on the other. Their contributions to the AKARI photometry are therefore likely to be modest.
Some care must therefore be taken in interpreting the present photometry -a caveat that also applies to previous such analyses. Thus for instance, the analysis of Pottasch et al. (1984) is similar to that we shall be undertaking below, although the authors appear not to have taken account of colour corrections. Stasinska & Szczerba (1999) have attempted a more sophisticated analysis, in which photometry is corrected using SED evolutionary modeling. The authors ignore several important oxygen-and carbonrich bands, however, whilst their assumptions of invariant abundances, identical nebular structures, a single grain emissivity function, and various other approximations, may lead to misleading results for many of their sample PNe.
The AKARI Colour-Colour Planes, and Variation of Grain Temperatures
The distribution of PNe within the AKARI colour planes is illustrated in Figure 5 , where the upper panel shows trends with respect to the 65 µm/90 µm and 90 µm/140 µm flux ratios, and the lower panel represents the corresponding 18 µm/65 µm-90 µm/140 µm ratios. We also indicate the trends to be expected for smooth dust continua having emissivity exponents γ = 0, 1 and 2, and temperatures 30 K < T GR < 270 K. The errors in the fluxes have been discussed in § 2.2, where it is noted that PNe with F ν (18µm) > 1 Jy have S/Ns ∼15. Similar values apply for the FIS photometric results as well, where combined relative errors of ∼10%, and absolute errors of ∼15% lead to overall photometric uncertainties of ∼20%. We have used these estimates in determining the error bars in Figure 5 .
A further correction relates to the broad widths (4.8-52.4 µm) of the AKARI filters, which necessitates a modification to the fluxes depending upon the nature of the SEDs. We have used the colour corrections of Shirahata et al. (2009) and Lorente et al. (2007) to modify the dust continuum trends in Figure 5 , leading to shifts in the loci by as much as ∼0.1 dex. This leads to an overlapping of loci in PHILLIPS & MÁRQUEZ-LUGO Where the emission in PNe is dominated by grain continua, then the positions of the sources in Figure 5 will depend upon T GR and γ. However, it is clear that the majority of nebulae in the upper panel fall well away from the dust emission trends. Some of this scatter is likely to be due to errors in the results, although it is interesting to note the bias in the ratios to larger values of 90 µm/140 µm. This is rather larger than would be expected from the ISO analysis described in § 3.1. Thus, whilst the shift could be explained in terms of an increase of 20% in the 90 µm flux, this would not be consistent with the smaller mean enhancements expected for ionic transitions in this regime (∼7%; see § 3.1). It would also fail to account for the higher levels of line contamination noted for the 65 µm band, which tend to push PNe to higher positions within this plane.
Similar problems occur for the 18-140 µm trends in the panel below, although in this case, many of the sources lie within the limits of the dust emission loci. We here assume that emission for these sources is dominated by dust continua, and use the positions of the nebulae to determine values for γ and T GR . The enhancement in 18 µm/65 µm ratios due to line emission (see § 3.1) may lead to increases in T GR by ∼10-20 K -although see also our comments below concerning the partial detection of 18 µm fluxes.
The corresponding variation of T GR with source diameter is illustrated in Figure 6 (upper panel), where filled circles correspond to sources having θ < 7 arcsec, and open circles are for nebulae which are larger. It is clear that dust temperatures are significantly higher where the sources have smaller physical dimensions, with T GR approaching ∼180 K where D is less than ∼0.08 pc. By contrast, PNe having larger physical dimensions tend to have smaller values of T GR , and fall within a narrower range of values T GR ∼ 85 − 120 K. Stasinska & Szczerba (1999) have represented the variation of dust temperatures against Hβ surface brightnesses S(Hβ). The value of T GR is determined using IRAS 25 and 60 µm fluxes, and by assuming that the emissivity exponents γ are uniformly equal to unity. This leads to qualitatively similar trends to those illustrated in the upper panel of Figure 6 , although the nature of their procedure permits them to measure many more PNe. The authors find that temperatures are ∼60-100 K where log(S(Hβ)/erg cm −2 s −1 sr −1 ) < −2, and increase rapidly to higher S(Hβ).
A comparable analysis can be achieved using AKARI photometry at 18 and 65 µm, and where one adopts similar simplifying assumptions. The results are illustrated in Figure 6 (lower panel). It is again clear that there is a marked increase in temperatures for diameters < 0.07 pc; that temperatures are of order ∼70-110 K for larger nebulae; and that there is a significant overlap of values for angularly small and larger PNe. There is little evidence for the linear fall-off of temperatures noted by Pottasch et al. (1984) .
Finally, we note that the FIS beams are relatively large, varying from 37 to 61 arcsec. Nevertheless, a small proportion of nebulae have diameters which are larger than these values. Given that the fluxes for these sources may be being only partially detected, we have excluded such nebulae from the present analyses. By contrast, the 18 µm beam sizes are very much smaller, and this may lead to a quite considerable short-fall in certain of the fluxes. This, where it is the case, would counteract the effects of line and band "contamination" noted in § 3.1. We note however that PNe having warmer dust continua tend to be smaller and unresolved (see Figure 6 ), and their fluxes and temperatures are therefore relatively secure. Similarly, sources having lower values of T GR tend to be angularly large, and their shorter wave fluxes may be significantly too low. However, estimates of T GR for such (lower) grain temperatures are relatively insensitive to uncertainties in the flux, and errors in the trends are likely to be modest. This is consistent with the variations noted in Figure 6 , where we see little inconsistency between the estimated temperatures for large and smaller PNe (Figure 6 ). 
Variation of Nebular Fluxes and Luminosities with Nebular Evolution
The emission characteristics of dust in PNe are expected to vary as the nebular envelopes evolve. Thus, expansion of the envelopes would be expected to lead to a reduction in stellar radiative flux densities, and decreases in the levels of direct grain heating. Similarly, the roles of changing stellar temperatures; absorption of Lyα radiation; and the transfer of grains from neutral to ionized regimes, will all be important in determining the energy budgets of the grains and, by extension, the temperature of the dust.
A trivial consequence of such evolution is noted in Figure 7 , where we show the variation of intrinsic 18 and 90 µm fluxes as a function of source diameter. It would seem that both of the trends indicate a decrease of flux with D; a variation which may arise through a cooling of the dust continua, such as is noted in Figure 4 .
An even more interesting trend is illustrated in Figure 8 , where we have estimated total fluxes F TOT (IR) for sources within the dust emission regime of Figure 5 (lower panel). For this case, F TOT (IR) is determined using the values of γ and T GR obtained from Figure 5 ; observed 90 µm fluxes; and the distances quoted in Table 1 is typical of the luminosities of PNe central stars, this suggests that a large fraction of the radiation is being absorbed by dust -a situation which would be consistent with the high levels of reddening observed in proto-planetary nebulae (PPNe). It is finally interesting to adapt the analysis of Lyα heating of Pottasch et al. (1984) to the present AKARI results. The results of such a procedure are illustrated in Figure 9 , where we show the relation between observed integrated IR and 1.4 GHz emission, and between intrinsic (distance corrected) IR and 1.4 GHz results (lower panel). The trends expected for Lyα heating are indicated by the dashed diagonal lines, determined for high and low density nebular regimes. It would appear that the infrared excess (IRE), corresponding to the ratio of the observed flux to Lyα heating, is of order > 2 for all of this present sample PNe. It is therefore clear that further heating of the grains is required over and above that expected by Lyα photons.
One would anticipate that values of the IRE would be largest where PNe are more compact, Lyα fluxes are smaller, and direct heating by the stellar radiation field is greatest. Subsequent nebular expansion would lead to further ionization of the shell; increased fluxes of Lyα photons; and the dilution of the stellar radiation field. Under these circumstances, the IRE would be expected to decline rather precipitously, and achieve minimum values of the order of unity.
To investigate whether some such evolution is actually occurring, we have determined FIR luminosities for a broad range of PNe. This involved using the 18 and 65 µm fluxes to determine T GR ; assuming a grain emissivity exponent γ = 1; and employing 1.4 GHz fluxes to evaluate Lyα heating. We assume Lyα photon production rates relevant for lower density PNe, whilst the distances and sizes of the sources are taken from Tables 1 and 2 . Under these circumstances, appropriate integration of the emission curves show that the luminosity of the source can be represented through L = 3.11×10
13 F ν (90 µm) , and the expression is valid for temperatures 70 < T GR /K < 160. Similar expressions may be derived for differing values of γ.
Note that both here, and in the analysis of the results in Figure 5 (see above), we have used 90 µm fluxes to scale the results. This is advantageous for a variety of reasons. Not only are these results taken with the most sensitive of the FIS detectors -leading to larger numbers of PNe detections than in other channels-but this wavelength lies close to the continuum peak for most of the PNe SEDs. We have also assessed that levels of line contamination are likely to be modest ( § 3.1), although there is evidence that contaminants may be larger than is supposed (see § 3.2 and Figure 5 ). It is unlikely, however, that luminosities are very greatly in error, or that mean biases are greater than ∼0.1 dex.
The results of this analysis are illustrated in Figure 10 , where the IRE is represented against nebular diameter. It is plain from this that some evolution does indeed appear to be occurring, with values of IRE approaching ∼50 for diameters < 0.07 pc. Al- though the qualitative trend appears consistent with the analysis above, it is interesting to note that the IRE is still relatively large (≈5) even where nebulae are evolved -and that the minimum values are larger than found by Pottasch et al. (1984) .
Radio Infrared Flux Correlation
It has been noted that the ratio of infrared to radio fluxes in extragalactic systems is reasonably constant, and invariable with redshift z. Appleton et al. (2004) have noted that the parameter q 70 = log[S ν (70 µm)/S ν (20cm)] is of order ∼2, whilst q 24 = log[S ν (24µm)/S ν (20cm)] is ∼1. Cohen & Green (2001) have made a similar analysis for 21 Acker et al. (1992) PNe, using 8.3 µm fluxes taken from the Midcourse Science Experiment (MSX; Price et al. 2001) . They derived MIR/radio ratios in the region of 12. However, a later analysis for ten MASH PNe (Parker et al. 2006; Miszalski et al. 2008 ) yielded a ratio of the order of ∼5 (Cohen et al. 2007) . This difference between the less evolved Acker PNe, and more evolved MASH nebulae was attributed to an evolution in the properties of the sources -perhaps a reduction in PAH emission as fluorescent excitation decreased. This mechanism is only applicable, however, where C/O is greater than or close to unity.
A further investigation of this issue has also been undertaken by Zhang & Kwok (2009) , using 8 and 24 µm photometry deriving from the GLIMPSE and MIPSGAL surveys. In this case, the authors note a linear relation between MIR and 1.4 GHz fluxes; a trend they interpret as indicating a constancy in the ratios q 24 and q 8 . It is also suggested that the scatter in their figure is attributable to optical thickness at 1.4 GHz -a hypothesis which we will suggest, below, is unlikely to be the case. We have investigated this question using the present AKARI photometric results, and 1.4 GHz measures deriving from Condon et al. (1998) . It should be emphasized that whilst most PNe are likely to be optically thin at 5 GHz, a small proportion may have higher opacities. Thus, we have made a comparison between 5 and 1.4 GHz fluxes in Figure 11 based upon the data summarized in Tables 1  and 2 . It is clear that the vast majority of sources follow the trend for optically thin emission (lower dashed line), although ∼20% fall between the optically thick and thin regimes (the former indicated Fig. 12 . The variation of infrared fluxes with respect to 1.4 GHz emission, where we illustrate the trends for four of the AKARI photometric channels. All of the results indicate linear trends. Note how the limiting AKARI and radio sensitivities restrict the numbers of observed sources, and appreciably modify the trends. Least-squares fits to the data are indicated using dashed lines, for which we indicate equations and correlation coefficients (r) within each of the panels.
by the upper line). It is therefore clear that whilst certain 5 GHz fluxes derive from partially or fully opaque regimes, the vast majority of 1.4 GHz results are optically thin -and yield fluxes proportional to the total masses of ionised gas. Phillips (2007) has noted that higher 5 GHz/ 1.4 GHz ratios are confined to more compact sources, where density and emission measures are larger. This is also noted for the PNe investigated here (Figure 11, lower panel) , where it is clear that higher 5 GHz opacities arise when diameters are < 0.07 pc; a range similar to that determined for higher values of T GR ( § 3.2).
The variation of infrared emission with 1.4 GHz flux is illustrated in Figure 12 , where it is clear that there is a linear relation between the two sets of data. Such trends are strongly affected by a variety of biases, however, and these greatly modify the perceived gradients. In the first place, distancesquared spreading of the fluxes would tend to lead to a one-to-one relation. It is also apparent that source numbers are truncated where F ν (1.4 GHz) ≤ 3 Jy, corresponding to the sensitivity limit of the Condon et al. (1998) survey.
Even greater biases arise from the limiting sensitivities of the differing AKARI channels, however, and we have indicated these using horizontal dashed lines. We have included values corresponding to 50% source detection rates; a so-called "normal mode" detection limit quoted in the FIS Bright Source Catalogue (Yamamura et al. 2010 ); and the 5σ detection limit quoted by Kawada et al. (2007) . Most of these limits are mutually consistent, and accord with the fall-offs in the numbers of PNe. The result, for the 9 and 65 µm results, is for an apparent flattening of the trends. It is apparent however that the 90 and 18 µm samples are significantly more complete, and trends are close to those expected for unbiased samples of PNe. We shall therefore be using these trends to assess variations in q 18 and q 90 .
We should finally add that detection limits at 140 and 160 µm are even higher, whilst PNe fluxes tend to be lower. This leads to extraordinarily strong truncations in the numbers of PNe, and we have excluded these results from the present analysis.
Distance corrected measures of the fluxes are illustrated in Figure 13 . We note that the linear trends in Figure 12 have now largely disappeared, although the scatter between the nebulae is as large as before. There is still evidence for linearity between the 90 µm and 1.4 GHz results, although this is consistent with an approximate constancy of IR/radio flux ratios. It would appear, apart from this, that there is little evidence for evolution or correlation -and certainly nothing like the invariance in q noted for extragalactic systems. The scatter in these planes is huge, and indicates variations of an order of magnitude or more. Most of this scatter likely to be intrinsic to the sources. The combined errors resulting from photometric errors (∼20%) and uncertainties in the distance (∼30%) are likely to be ∼60% for the 90 µm results, for instance -and probably somewhat less than that for the 18 µm trends. This is a factor ∼15 less than is observed in Figure 13 .
Whilst it is therefore possible to obtain reasonable values of q for large ensembles of PNe, as has previously been undertaken by the authors cited above, there is little evidence that this parameter is invariant between PNe, or indicates any close relation between the mechanisms responsible for radio and IR emission. Whilst it is undoubtedly the case that UV radiation is stimulating the radio and infrared emission, there is little evidence for the levels of correlation noted in extragalactic systems.
CONCLUSIONS
The AKARI all-sky survey has resulted in photometry for 8.77 × 10 5 sources in the MIR, using the IRC at 9 and 18 µm, and 4.27 × 10 5 sources in the FIR using the FIS at 65-160 µm. We have interrogated this database to identify the counterparts of Galactic PNe, and undertaken an analysis of the resulting photometry.
Approximately 80% of the Kerber et al. (2003) sources were detected to quality levels FQUAL = 3, of which ∼ half were observed in both the FIR and MIR regimes. A comparison with photometry deriving from the IRAS survey shows that there are systematic differences between the two sets of flux, although much of the variation is attributable to differences in the wavelengths employed. We also note that the mean AKARI dimensions of the sources are similar to those at radio and optical wavelengths, although the distributions of diameters appear to be radically different. This may arise because of centrally concentrated fluxes due to [OIV] and [NeV] , and/or high levels of dust emission in extended PDRs. It is also possible that limiting sensitivities and errors are biasing the distribution of AKARI results.
Analysis of the nebulae in the colour-colour planes suggests that many of the SEDs are consistent with dust continuum emission, although emission bands and ionic transitions also contribute to the results. We find evolutionary trends in grain temperatures similar to those measured in previous studies, with values approaching ∼160 K where nebulae are young (D < 0.08 pc), and T GR ∼60-120 K where nebulae are more evolved.
Fluxes in the individual channels also show an evolution with nebular diameter, much of which may be attributed to cooling of the grains. However, we also note that total FIR emission declines with increasing nebular diameter, from a peak of ≈1.5×10
4 L ⊙ where D < 0.05 pc, to values ∼600 L ⊙ in more evolved PNe. The high luminosities of less evolved sources suggest that dust opacities are appreciable. Although up to ∼0.5 of the grain heating may arise from absorption of Lyα photons, it seems likely that most of the energy budget depends upon absorption of the stellar radiation field. There is ev-idence for an evolution in the IRE with expansion of the shells, consistent with the variations to be expected in stellar and Lyα heating.
Finally, it has been suggested that PNe may show a consistent IR/radio flux ratio similar to that determined in extragalactic systems, although with some possible evidence of evolution at ∼8 µm. Our present results fail to confirm this suggestion. It is plain that whatever the global values of the IR/radio ratio may be, they are highly variable between nebulae, and show little evidence for consistency.
